


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1982 


1. Thesis and Dissertation Collection, all items 


Implementation of a reliability shorthand on 
the TIl-59 handheld calculator. 


Peters, Hans-Eberhard. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/20204 


Downloaded from NPS Archive: Calhoun 


atthe | DUDLEY 


WN] | ciseaRy 


http://www.nps.edu/library 





Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarly author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


he 
ey ifs 


, i ‘ ¥ i) 
= ar 









mit “ae sO *, dw ee 
i ASS ie 


uf 





ree ih 
; Al Pll tt tal 
* : " My Ht . | “yh , a z . : ma Md i Y i- = 
‘fe et NY Orem ear of.) Oren 
vik ay ihe ‘ tie a A Fe a af a! =i. ripe a 
vet } Ah Wo Fa)” be Po ts les 
AT VP TRAE iin ® 0 tree ifs! Al 
| ' i he Ea) es te ; - i= 
y P! . . ae r - Hy wy t= A | iy 7 / 
iva wy! yeh eee 
xa. nf Sars veu ‘ ii i = reli 
= | Ba rz id le i] i] ; He. 
us ata me! UJ # + g'), aad 4 
. ae My ! fT v ary ; = 
aA. ‘ ii i 
fo i x AA an eer ti tam Wik 
poee of a ai, | | , . ‘ ‘ pnb : ye 
i Oy ee i ine } iki ye Jie 
j \ . | an & tt we Li a Dd i] ’ ite i) a 
F f ve Y Pl a : : wy os b is ; 4 | 4 - ie 7. " i* ii = | x 
' =) if yh “a 4 AW tp2 a watt | 
oe “7 ‘aE + {ak it I 
iim - Lie milewir-( rT at Lie 
cent 7 Ay a Weel ne frye edb | 
' - i I EY 1 Tak i ; ! ae ¥ | / '| i }, 7) ! r ' \ a h ‘ 
Leet ae ; ret CE : | ai I “ ae as { we 
“i , ’ ,! \ 7 s L i ’ 
ety Tye . i ~ ho is Ti! 4 ' , 
* i Poe e t t in ~~ a | i \ pata | = — : 
: : al | sal 5 iy! Pore , \ ‘i = ml 
Jt ‘ 


fies 
ii ah i 






ak © 





eae s wan 
UW wien fg Le 
ye ‘ ray, ihe A 











i i! 
y, od 














yes EF cs \ 
Lae om we ; a I aw) i) 
J! HAG ore a A vo on - ae Tibet fh La . 
COL Ye is *. va ere i My oe JM : - yw on LF A a A 
Tins ihe NEE ie ae . Att ‘ ‘ ie a \ ( ‘ 
at | tire Un" bs iv nee 4 - a4 
r LP rh cont a, ! 
eo | va | « (hare ‘vay a Pui = - i ‘s P _ +i 
er th tone: Vy oN. t J; ere at ue I - 
® Ae fh tte" iihy a" F ' \ ey 
t ‘Mee i ph | +" as : s yh i = r | ! 
we A 4 ine 4 ‘ ris ‘ ri’ ‘ie =) 1 i a 
’ 5 ~ i Hae \ i Iwi 
| hawk J ty te Ale i Pere 4 mY avy ' F 
‘ AVE o ATA Pall Li ee UE a} 4 i i : ' 
- T Vas r) 4 iF ; Wat Aa at ‘ i ‘alee ne iF i 
{ites i Oy 4, Ra i a ri ' i +" , : 
y ae ye + vie. le ‘ih ee CL ae is cut 
iF Ot ie ; ' ; 4 | Wa y ivy . Af) ey} | ; 
' wie ~ W > a 4 Pa ib. pa = 
eth : \ | s Vi 4) De Be a : an ii} i 
’ ¢ : 7 i t , 
i iy ii . * ; s 4 ' ” PB sin ‘ne ’ a0) i ; ' 
i var { : ' : | . Py A a= : | - 
; “ire a. 1 ‘ Jus , 
, s ee re ini y , " af o mah g UWE ee | My 
: | 7 , Witla i Vv 
; 7 : : : - Ore Vie \ coe a J i , \ 
i oyun) at wait rl 7 
| j i vy . ant h "| , i 
as A pUF ' rong hw | i] FT 
Pe ny mere AY je ‘ , | 
vere 4 1 ‘ ' lef oe ae 
wre a Leen hs : {hippo ! 
” reat JU i vi 
y vd a ey we LF ‘ . Ay 
Tite Py i piel, ay Oe? ii ii ‘ ' , 
i 7% Ii i ‘< ay a i ‘ 14 ; i: 7 »' | ,, 
: a ry ah ' | h 
wilt f ‘ os i any il i ‘| 
i sath i} me Mi ; 
7F 4 rn * ae \ if ; i, 1 i 
oa! Piya! bt sel iJ ; 
Mt af Hi | \ i A t ‘f, i’ ! A a i 
i ¥ 
’ ; ‘| i it r i's } rl i 1, i Be i } he | , rf 1 . 
4 ! , ik po bir 
ore b y Le " ; \ # i 
oF , rapa < r sj "| ht ; sw t “ ae 
1 o i" , LE part i ' 
2 | t i it 
H ' | | _ ‘ 
sf ey) : if } 
na ' 
i’ J i f ‘ a's i , y ti : 7 
18 f ‘) r) - Wii ow | J 1 5 
J | ii ‘ ‘4 ' f cP t 
Th i= P } 
i! Chay red, a ht Vil! 4 ' Te i f 
sf il = 7! - y i 
MED Sam YTO Ny TEPC) | RELIAE At 0 
1 | 1 * yi ' ; \ 4 ’ 
" ‘ < n | ' \ 
ot le My Ve { asl F, 1 ' i ' ‘ 
T "; we Ti re i ~¥ 1) i 
' a , ! ly 
7; : Pa 4 t i 
re a - y lal | Vent ' ‘ / ; 
sr ae yet ae 4 ¥. + A ‘ miei . 
;= “a8 T 
J iy SOO yi VW ; / *s } i 
Woe 4) a4 ‘i F te 
i i 4 Fr F, mf y i ‘ y ' i 
‘ e pik 1 | ! {a i | 
we 4 a s \ pd if J i i { , i | 
i a ota 
‘ we i dg 4 fits” ie i a 
* “ fd oe r The? ' y 
piser ia ita yu Wiley \\ ] i wi i Ce i ip = ‘ , \ 
oy ' es tt CaP tt fi "" my { f 
‘ - t] ‘ as , ipa " : x i , i a i 
. wel ue one y if ot J ie a j ar “tr baie " viv wth i; rice . ' 
8 é ‘ we ive : 1, B L 
ae ; nee : i Ato eit “s , | ua a i, ory |e De j —_ 1 ~ ,, ™ ‘dl 
yo im ! aut el ‘ <4 ovum Cir st ' ‘ih j i A ; , A a 
Vv tear eek ah ; i ae . Ware \ ii ‘ i. 
1 et fr im far On Her ei, cyt y een Ae th “ne a aa 
Dee ‘ ie 2 y TC: res \ oma! yyy! 
Te Wa is i i; ‘ ‘ iat aa Ls | ‘ay J ) ni a Ti a a a j a q 
e108 ara “i T ! rite A n+ None le af eit ie Mae ies i } - ‘al - 
; vn Ay et ete oye i | i SAN ‘ i ," rt te hs vy ale! "% ; i i { J 
, 4 5 L i f 5 6. L ‘ ey i 
; Me Li at =iy. Tai , M i at if ‘ iy ry : ' i 
staear . a ' — 
i ee rs aly of 1 a  P + ' hee “Ve i ti J i 
Mayet di Ce 4 Aa ie a Tae D y ‘se ; 
' Pint i ~ \ > wl A * a ‘ i Pew \ we ‘ 
fF Ava y y torr t eve | i sr +) r f nl ¥ j 
y jh in ‘ ivi i At i} mil “ : ‘ ror /, bf f "hy ri 
Sie bale ie hae The | Live wee: 
Ne rit, Wee PA URE ee hey oge © ie UO aap Pet 
ve ’ 7 ue ras a vat ras Wi Ye | PAA ‘ 
me vue A! alee Ney i + ci,3 o) . ivy A ' 
ile ' Wat ee oe ste Piety aia VOR Ay 
\ a ‘ rt oak ' ACT ee ey 
Mi - Lata J ees tt! n¢d i ae eaee le 
i at A a CC feo! Cm wy ioe. i. | 
Lage el EE el 4 eee “ ie eyes | 
| f : wry Pe Ths i” “ER ek aed , 
sf ti sale t vy a ih | et 1a iW i bi ey %,, : vey ti \ a | 
7) o® Ve j i 
“he wilt : fee ra, eS, ee lee ile ey 
f i } fe | rt ‘ . PS : J 4 “ae a 
Pe Me i Wey ht iD ve Ve ie ' Oe ys +o i 
i VCC {ya bal, a tate AN dr i pa ‘pie: 
Wy ol a we Pur , * eke pas om ay, OS ae pt 
" Ff A = ii ne / > hs Ho =| ty ‘ a | Fe au : 's i im «= di ‘ f 
a ne ee 4 fe a ) ' “ah 44 ¢ Yi int = - Sag 
7 (a Hoven HN hi ' ante A, i . Nene ‘ eat. si 
“\ a At it hn if tw 4 aN) \ ht ie oy we. ¥ iy i 
j rf ry? : 1 Sig } i | » 4 
yt. ver OT had Tay ies Va es Aids 
if) Dai lies i ras a Le i) me 
PA Pe wae Me fate ' . r ] T* 
y rs ¢ Ce @ ia 7 ts 4 
7 j 











NAVAL POSTGRADUATE SCHOOL 


Monterey, Galifornia 





PHESI(S 


Implementation of a Reliability Shorthand 
on the TI-59 Handheld Calculator 


by 
Hans-Everhard Peters 


October 1982 


Thesis Advisor: J.D.Esary 





Approved for public release; distribution unlimited. 








SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


REPORT DOCUMENTATION PAGE 


2. GOVT ACCESSION NO. 






READ INSTRUCTIONS 
BEFORE COMPLETING FORM 


3. TYPE OF REPORT & PERIOC COVERED 
Master’ Thesis; 
Getober 19382 


PEMFORMING ORG. REPORT NUMBER 










TITLE (and Subtitie) 


Implementation of a Reliability Short- 
hand on the TI-59 Handheld Calculator 


4. 

























7. AUTHOR,e) 8. CONTRACT OR GRANT NUM@ER(e) 






Hans-Eberhard Peters 






10. PMOGRMAM ELEMENT. PROJECT TASK 
AREA &@ WORK UNIT NUMBERS 


12. MEPORT OATE 
13. MUMBER OF PAGES 
Bh 


b= SEGUMNNGCl-wSSs Tel Tile report) 






9. PERFORMING ORGANIZATION NAME ANO ADORESS 


Naval Postgraduate School 
Monterey, California 93940 














CONTROLLING OF FICE NAME ANO AOORESS 


Naval Postgraduate School 
Monterey, California 93940 













NCY NAME @ ADOMESGS(II different irom Controlling Office) 









MONITORING A 






Naval Postgraduate School Unclassified 


Momeerey, California 93940 





Sa. OECLUASSIFICATION/ COWNGRADING 
SCHEOULE 










OST miBuTIOM STATEMENT (of thie Repart) 


Approved for public release; distribution unlimited. 







CISTRIBUTION STATEMENT (of the sbetrec! mitered in Block 20, If different from Report) 






SUPPLEMENTARY NOTES 


KEY WORDS (Continue on reveree side if neceeceary and identify wy dieck number) 
TI-59 

Handheld Calculator 

Programmable Calculator 

Reliability Shorthand 









ABSTRACT (Continue an reveree side if nececcoary and identify by blieck mumber) 





It is shown how a reliability shorthand can be implemented 
Piece handheld calculator. 

Assuming constant failure rates, basic structures are 
used to show how the shorthand can be applied. Several 
examples are worked out that show, how, with component 
failure rates as input, a handheld calculator can be 









DD oes, 1473 Evition of 3 cae 6813 OBSOLETE 


JAN 73 


NM 2 4° 01 ' am ig a PR 
saeeerm apo rs oe SECURITY CLASSIFICATION OF THIS PAGE (When Dera Entered) 





a easiness dtmnemeiemmes iinet to oiiemn mie em pe a rrr 
FOCUMTY CLASSIFICATION OF Tih PAGEL en Nore Fatered 


used to compute the reliability of a system. 
Two TI-59 programs are provided as a computational aid. 


DD nea. 1473 
c/N ‘01b32014-6601 


Cama 


bee 


ET a AT RT IIE TAAL IIE SLAP I AF IBE OE 
SZTCUMITY CLASSIFICATION OF Vrs PAGEPren Dats Eniorved) 


re ee a 


ene ey EEG are wt erent 


0 ce ES ES I TS a SS 





Approved for public release, distribution unlimited. 


Implementation of a Reliability Shorthand 
on the TI-59 Handheid Calculator 
by 
Hans-Eberhard Peters 
Major,German Air Force 
Dipl.-Betriebsw., Fachhechschule des Heeres I, 1974 


Submitted in partial fulfillment of the 
requirements for the degree of 


Maoteh Or sSGTENCE GN OPERATIONS RESEARCH 


from 


*he 
NAVAL POSTGRADUAT 
OGEO ber, 19 


E SCHOOL 
82 





DUDLEY KNOX LiBRary 
Hone o) GRAQUATE séi5 
VNIEREY, CALIF, 93949 = 


[yeroy Sigs Meg k 


It is shown how a reliability shorthand can be imple- 
mented on a handheld calculator. 

Assuming constant failure rates, basic structures are 
used to show how the shorthand can b2 applied. Several e¢xan- 
ples are worked out that show, how, with component failure 
rates aS input, a handheld calculator can be used to compute 
mre teliability of a systen. 
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I. INTRODUCTION 

Systems and components can be in either of two states: 
either they are functioning or they have failed. The abil- 
ity, that a system stays functioning over a predetermined 
time interval is called its reliability. It is generally not 
realistic to assume that a system, s23y a lightbulb, will 
fail at a specified time, but rather that T, the time to 
failure, is a random variable which has a probability dis- 
menmputzOn that can be specified. The probability distribu- 
tion for a time to failurs is called its life distribution. 
In this paper we will soiely be concerned with one specific 
type of life distribution which is especially important in 
reliability theory and practice, the exponential distribu- 
meon. Ic has the property that the remaining life of a used 
component is independent of its age (the "memoryless" prop- 
erty), 1.e. a functicning component is always as good as 
new, the failure rate is constant. The memoryless property 
2S the basis for a reliability shorthand, one that can be 
implemented on a handheld calculator. 

Bepending on the size, structure and life distribution 


of a system, probability statements about its time to 





failure are in general not easily achieved. Forming the sum 
of independent iife lengths (1.@. convolving tne corres- 
ponding life distributions) requires knowledge of integral 
calculus and computations can become rather tedious. 

In the case of the exponential distribution, though, 
computations can be simplified by translating the problem 
into a simple shorthand notation and using this shorthand as 
input for some computing device. 

In this paper we will snow how a reliability shorthand 
can be implemented on a handheld calculator. Basic struc- 
tures are used to show how the shorthand can be applied. Two 
TI-59 programs are provided as a computational 32id. Formulas 
Bore che convolution of up to four *xponential random varia- 
bles can be found in Appendix A. Appendix B contains a user 


guide to the TI-59 programs. 





II. THE CONCEPT OF A RELIABILITY SHORTHAND 


= << que ce ee ee a ee eee ee ae SSeS = ee 


eee BASIC NOTATION 
The survival function of a life length can be derived 


meme tre distribution Eunctior. 


Let 

ah 2 bape lengt h 

Mone eoneLae) pest he sdsSer bution function of T 
Then 

F(t) = P(T>¢) 


1-F (+) 
Meeche curvival function of T. 
| . ae _ -At 
Mrecone Case of the S=xponential distribution, F(t)= e€ - 
where A is the failure rate. Translated into SNOE2 nana, 2 he 


Mere distribution is denoted 


ED Cra, Yc 


meee CONVOLUTION OF DISTRIBUTIONS 

When independent random lives ar2 summed up, the corres- 
ponding life distributions have to b2 convolved to determine 
the probability that the sum of the lives will exceed a spe- 
@eeled time t. Let 


SE Gc : independent life lengths 


10 





F, (¢),F, (t) 3: the corresponding survival 
functions 


tes, © ( c) BlemeCOrESSPONds ag dens: sy Lunceitons 


the total life length 


sts CaS oe 


Then 


it 


F(t) P (T>+) 


P(T, + T; >¢) 


t 
— Seo ae Nee (ee) fats) ds. 
e 


This means that T will exceed a specified time t when 
-either T, exceeds ¢t 
aoa lato Sapien than =<, say equal ts s, and T, 
exceeds t-s. 
Integration With respect to s (1.¢. Summing over all possi- 
Mmumemcorucs Of S } 1S Calledwthe convolution of [T, and T,. 
Men tT, and T, are both exponentially distributed with fai- 


ture rates Me NE Aaa eee 


a Wat 


set 


Pec) ; 


Pee che SUrVival Eunction of I is 
< 
stat + fe A 


eC 
Meanslated into shorthand, the survival function is denoted 


-A, S 
é ds. 
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F(t 


Lal 


A 


EXP(4,) + EXP(d, )-. 


11 


This shorthand notaticn is heuristically apparent. We can 
visualize a 1 component / 1 spare system with EXp(4,) and 
Exp (A, ) lives respectively. From compcnent 1 the system 
has an EXP(d,) life to begin with. When component 1 fails, 


the system has an extra EXP (A3) Aat>. 


See MIXTURE OF DISTRIBUTIONS 
acl KoNOtae2 On 
In the previous chapter, we formed the sum of inde- 
pendent random lives, which each had weight ons, i.e. 
Ee es. 
Now consider | 


T, with probability p, 


a 2 on PEObabaiicty p, 

mi=re p, + a : ae 
mee, ard D, be the probability distributions of the randon 
MWariables T,and T, respectively. The corresponding survival 
functions are FP, (t) and F, (+). 
Then 

Co eee icy Ds =5 (4) - 
Meeshor—hand, the mixture 29£f distributions D, and Ds Woe 
respect +o the mixing probabilities p, and p, is denoted 

MOC i (i eee 


eZ 





where 


ms 


Tew cieomonepa tity 1-p. 


Tet coenepeObabt lity p 
Mey te 
tere Wath probabiiity ip. 


BG 


Then 


a COE e olay Pp 
fee oe en  PGObADS ity Ip. 
Mme d-stributive law holds due to the fact that the sum of 
SeeemMixing probabilities for T, and fT, is equal to one. 
Meeesuctvival function of I can be found by convolution: 
+ 

F(t) = Fy (t) + { (pF, (t-s) + (1-p)F, (t-s)) £3 (s) as. 
With D,, D,, Dy being Pe eeubiiies (Picea DULL ONS SO ll.., 
Ty, Tre the distributive law can be appiied to the shorthand 
notation: 

D,+ MIX (pD,,(1-p)D2] = MIX [ p((D, + Dz), 


(1-p) (0, + D5) J. 
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Graphically this can be represented as follows: 
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Figure 1: Distributiv2 Property of the MIX-Notation 


ree Dedeneeacy ac the Origin 
Let 
P(T=0) = 1. 


|: 


Then the distribution of IT is degenerate at zero. 
MmmesnmOocehand notation, such a distribution is called the 
M@enO-distribution. 

Now let T= T, + Ty 

Pergo i, and £, have probability distributions D, and ZERO 


and survival functions F(t) and F, (t) respectively. 


Then 


rd] 
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ul 
a 


t 
Ge) J%, (t-s) £, (s)ds 
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Mae ZERO-distribution doesn't add anything to another dis- 
metoution, so for instance 


D, + MEX{pD,,(1-p) ZERO] = MIX[p(D,+ D,), (1-9) D, 1}. 
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III. APPLYING A RELIAB 
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After this brief survey over the concept of a reliabil- 
ity shorthand we will now show how the shorthand can be 
applied. To do sc we will use basic structures. Part A of 
this chapter will give examples whos? representation in 
shorthand requires only basic notation described in Chapter 
ii, Parcs A and B, whereas Part B of this chapter will give 
examples whose representaticn in shorthand makes use of the 


Mix-notation and the ZERO-diistribution. 


meee UMS OF EXPONENTIALS WITH WEIGHT ONE 


ir, 


{n 


imple Seri System 


In 


A series system is a system which is functioning, 


Mien ali 1*S components are functioning. A two-component 


T : life of the systen 
iso eCe CONDONE : 1 


Powe romce COMpPOnent Z 
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> 
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ct 
ball 
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Suevaval  fune-20n Of Component 1 


a ha? 
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Se a RR NY A RD Me em 


Beer cee ne ENS CED ES ETS CS GS A NSD Sar ecm ceaacee ph oe pp pecs eos 
Figure 2: MTwo-Component Series Systen 
F, (t) = Survival function of component 2 
_ aut 
Then 
ese tne je hs) 
F(t) = survival function of the systen 
= (ie (aaa ans 
tee ete 5.2 tC) 
Assuming independence of the two components 


F (=) Bigeye ei) > 2) 


Dae es (20) 
what -~A2t 
S eS 


_ (Le +2) a5 


The shorthand notation for this system is 


ERE (Ay eds) - 


v 





This is intuitively apparant, as the system has an exponen- 
tial survival function with failure rate A, + pet 
eS ple Parallel System 
A parallel system is a systen which is functioning, 
wher at least one of its components is functioning. A two- 
component parallel system can be graphically represented as 


mot lows: 





ee, es 


Figure 3: Two-Componenz Parallel Systen 
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Assuming independence of the two components, 


Ft) ere ee yD ( TD < £) 


‘1 


Sele ae ec) oboe (Ct) 


= -At 
= 1 - tea) mee ) 
= ~2A4 
= 1- (1-28 wr So ey 
~At a 
= 2e - SO : 


The shorthand notation for the system is 

EXPA2 An) + EXP (A). 
Mees follows intuiticn as the system has an EXP(24) life to 
begin with and when one component fails it has an extra 
Mery) life due to the memoryless property of the exporen- 
feat distribution. 


3. Standby-System with Dissinilar Componenis 





Suppose a system consists of two components, ons 
active and one spare. The active conponent stavs in service 
Until it fails and then inmediately is replaced by the 
spare. 

tomenemcume tO s2u lure cf the two components be 
oe EXP (A, ) and T, ~ EXP (AQ ) respectively. 

Then the system time to failure is 
fey + 05 
and the survival function of the syst4m is 


F(t) = P(T > 4) 
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Figure 4: Standby System 
+ 
= F(t) + JF (t-s)f, (s)ds 


= + J. RS ar dh, eet ds 
o 
Ze oo. a - 
he - A, ha -A2 


The shorthand notation for the systen's Survival function 
should be obvious. The system has an EXP/( ae Life fs On. ehe 
active component and an additional ExP(A,) iife from the 
Spaze. So the shorthand notation is 


HEN AA EXE ( A) 
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Poor omer eke ONG NLL ALS WLIH WEIGET BETWEEN ZERO AND ONE 

The examples given in the previous chapter only involved 
exponential lives with weight one. Now we will look at some 
meEuctures, whose survival function has a shorthand notation 
Which includes the MIX-notation and/or the 
ZERO-distribution. 


Reuss tebe r Fail 


1. Parallel Systen 
The notion of a parallel system has besn introduced 
in Chapter III.A.2 . We now look at the case where 


ee ea eM ema Te EXD ( As } 


Be ea ea hae) 


rice Pemex Gy T.) > t) 


var Gama Cte; Tt.) < =) 


(Se(EaGeeye Ty < £) 


Assuming independence of the two components 


F(z) (P< Seep (ES 4) 


ioeae ye Pace) 


Is {ize ™** ) ee 


Ant hat | -(hathz)t 


1-(1-e 
het eae _ baa +tA,)t 


) 


a 





fomcand ene shorthand notation of the system consider ali 
the ways which lead to the survival of the syste2n: 
-either both components survive 
-~or component 1 fails and component 2 survives 


~or component 2 fails and component 1 survives. 


* Ld e Ae s 
Mme One component fails and one SuUrTVives, in ——---— fraction 
AntaAs 
Aa 


of the cases the surviver will be component 1 and in -—— 
4,+Aaz 
meaGc On of the cases it will be component 2. 
This can grapnically be represented as 
EXP(A, ) 

Ar 
AnatAr 


EXP(A, + 42) + 


ha 
ea 
ee > 62 


Making use of the MiX-notation the shorthand notation then 


¢ 
jars) 





A A 
EXP(A,. + A,) + MIX? ——2— exp Pee Go ay, b 
( A 2) Tes (te) odon | ( 2) ] 


ana USing the distributive property 12 beccmes 


Bees A, 
et? 4.) SeNGe Meet 5) ) 
Bere EEE EXE ( 2,4 1,)) }: 
Aa + Ad 


sage 





Rem cGiecketonsee thas this sheonthand notation 
represents «he survival function of the system, we derive 


Mme sinvival function from the shorthand notation: 


Ar | eo on a ies ° als ) 








F(t) = 
ha + da o 
me of (Aatdz)lt-s) Az S 
- 2 at - ee 
a ha (¢ 3 Je 2 mA we os ) 
Aa t Ag 
r) 
-A,t -A2T aah Ae ) 
a + 2 -eé S 


This verifies that the shorthard notation indeed 

represents the system's survival function. 
2. Series System with One Spare 

Let us now look at a two-component series systen, 
whose components have dissimilar failure rates with one con- 
ponent having a spare: 

Component 1 has the constant failure rate ie and 
component 2 and the spare have the constant failure rate oe 
MmeesPalte can only replaces component 2. 

Let 
F, (¢) fee oeomolavaval EUNG LON Of component 1 
(jee nes subV2 Val EURELIOon Of the standby 


System component 2 with its spare. 


ZS 





—_—-_. 


E2guire. 5: 


— sD ee ee SE Se aE SS rr 





iitinnie 


Series System with one Spare 


The survival function for a standby system was derived in 


Giapoter IT .B. 


ae) 
Now F, (¢) 
Then F(t) 


Therefore 


aia Evia Pe : 
4 = fe Ses Ay ORE is 
Art Dee 7 
= @ : + oe . fas 
Oo 
(1+ A, t) 2 BaF ncs 
shat 
P(e). Fob) 
(1 + ie =) Rg 


Memetansiete the survival function into sherthand notation, 


let 


us consider the ways in which th: 


system can survive: 


-elther bcth components survive 


-or component 2 fails and its spare survives. 
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ha 


EreceLton Of f£h= Came elt will] 





If one component fails, in 





ha tds 
be component 1, which means that the system will not sur- 
vive; =F 7 Praerionwotsthe time the failing component 
+ 
a u 


will be component 2. 
This can graphically be rapresented as 


ZERO 


ha 
A, thy 
EXP(A4, + A, ) + 


Az 
A + Ae 


EeP( A, + A5)) 





Using the MIX-notation the survival function then is 


Ar 





Dp 6) aaa es 





ExP( A, + d,) + MIX ha ZERO, 


MIX{[————(ZERO + EXP( 4, + A, )) , 
c 


Anata 


A 
og EP Aa + Ad) + EXP(4,+A,) ) ] 


a + M2 


Aa 
We ¢d, 


—4A2_exe( d, + dy) Sh BREN + A!) ) ied. 


4 tA2 


MIX (Me (Ans) ) 4 





TO prove, that the shorthand notation does represent the 


Sucvivel function, we derive the latter from «he shorthand: 


= A —~(AytdAr)t A2 -~({] ai \t 
(<) ey ae we (e ~ 


ZS 





t 
~( hat dr) (t-s) -(datdr)s 
re : (Ant Aue : : os ) 
Oo 


“(AntArz)t 
= (1+A4,+) 8 _, 


This is the previously found result and this verifies, that 
the shorthand notation does represent *he system's survival 
function. 

Three Systen 

AS a last example in this chapter, we will look at 2 
Two-out-of- Three systen. 

Consider a three component system, whos? components 
have constant failure rates ly pale uel A respectively. The 
system is functioning, as long as *wd out of three compo- 
nents are functioning (sé= Fig. 6). 

In other words, the system 15 functioning as long as 
there is a path through the system. 

Alternatively, th2 system can be visualized as a 
parallel-serlies system (compare Fig. 7). 

The sutvival function of the system is 
eee ee tan >t) FP (T. >= A Te. >+) 


2 DU, Sowa We ee 


DMa(Uunepee Tmt): A (LA, >> A Ts >t) } 
PLE cen SHA (Ts 52 A Ts, >t)) 


Seren eye (2, >t a 1, >+)) 
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ee a ee ee eee SE ee EE EE SS ee 





oe i) ee ee ES ee ei ee eel i =e ol 


| 
| 
| 
| 


A a a EE ES EEE es a ES SE ES ee owe 


Figure 6: Two-out-of-Thréee Systen 





Figure 7: Two~out-of-Three Systen 


ae eee ere tea (T, >= A Ty >+) 


einen Ae Ts >=))).. 


ZT 





Pa PE, ote Tt, >) + P(T, >t A T, >t) 
tae Ane) 
See aConm oe Tat Te >=) 
tee = A Bae: A fy >*) 
Therefore, and assuming independence of the components, 


ie eemEae> ey + PT, >T) P(t. >) 


F(t) 
+ P(T, >t) P(T, >¢) 
sr GSE) Biles Sey aes 


Sela (tere) PCL.) >t) 


ie yee eet P(T, >t) P (Ty >t) 


Pere lies >t) P (Ts: >t) 
ee (D>) P(t, >=) 
go fhatdart : J fhatds)t ‘ a (Aatds)t 


ye ed ee td3) f 


Now let us consider all the possible ways, in which the sys- 
=Eém can survive: 


ither all components survive 


! 
(D 


- or component 1 fails and component 2 and 3 
survive 
meeOl COmMponpen= 2 fails and component 1 and 3 


survive 
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- or component 3 fails and component 1 and 2 


survive. 
| | ; Ih 
Tf a component fails and the other two survive, in ————— 
Ao, +A> +A 
4 
Mmevetion Of the time it will be component i, i=41,2,3. 


This can graphically be represented as 


_ Aa EXP(A,+ Az ) 
AntAz +A3 


L2 
Rat Ae +Az 
EXP (A, +A, + hy) + = ————————— Exe (A, + dg ) 


As 
An thatdg EXP(A,+ dz ) 





iemeesnorthand notation then is 


exP(A,+ Ar+Azg) + MIXL Exe ( A eee 


A 
Ka + A2ztAz 


2] 
ps ry lee iar 


A3 


ee EXP , : 
(a te 


ha 
vie + Ar tAg 


Az 
+ + Ars) + EXP (A, * Az +Az ye 


A 
Soe 
: Tay BEPC Ant Aa) SE D(A et ein) ) oe 


= MIX (EXP(A,+Az) + EXP(A,+A2+A3 )), 





Again, as a check that the 
ego vival function, 


mao shorthand notation: 


ha 


he 


eee 
hat Aa2 tde 


Az 


Fn 
hat A2 +Az 


-(4.+ Ays)t 


+ 


-d¢e 


Ay Aatay 


~(A2tAz)t 


[L ¢ 


Shorthand notation represents the 


Jeteusetenrive the survyivel function fron 


ope rey esas) SPIES e 
ie (AstAe)€ ds | 
Co 
~(AatdAx) t 
| é 
IC aA sarees) Bey )c 
t Je ataz je os | 
0 


[ 2 Db +Ao)t 


e 
~(AataA2ta3) (t-s) 
i Je : : (A,td2) 


7) 


~lAatads)t (Anta) sc 
€ es 


-~(ha tArt 43) 


cs (AatA2)s 


ie as | 


The result again proves that the shorthand notation 


indeed represents the survival function of the systen. 
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IV. IMPLEMENTING THE SHORTHAND ON THE TI-59 

ime concept of a reliability shorthand is introduced in the 
course "Reliability and Weapons System Effectiveness 
Measurements", GA 4302, at the Naval Postgraduate? School, 
Monterey. Most students taking che course are in the 
Operations Research (OR) - Curriculun. 

piemenesce Oc the Ti-59 as the computing device, on 
which the shorthand was +t) be implemented, was based on the 
fact, that each student in the OR-Curriculum is Sessa a 
Me—59 for use in basic probability and statistics courses. 
Thus almost every student at the Naval Postgraduate School, 
Mewes introduced to the shorthand, is familiar with <zhe 
ime 59 and-has access to such a calculator. 

A program, that uses the shorthand notation, times +o 
failure and failure rates as input, should 

emcalculatS the Survival probability of basic 

structures / small systems and 

- require moderate computation time. 
To achieve these requirements it was decided ¢9 incorporats 
feemesOlLuclons for the convolution of up to four exponential 
random variables in the program. The formulas chat wer: used 
are given in Appendix A. 


31 





Two programs are provided in this paper. 


}-? 


e e e 
425s im% 
SA ae SD NS «41 ow 


ip 


tl so br ata 
NSA cos Ce 


(p) 
7) 


PEOGEam t Can De Used when all rat ar 
all are the same. It uses the formulas on pages 37 and 38 
only. 

Program 2 can be used fcr the general case. I* makes use 
@eecail the formulas given in Appendix A. The progran 
includes a sorting routin2 that determines *he applicable 


Peremuala from the entered failure rates. 


A user guide to the two programs is provided in Appendix 
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V. SUMMARY 


There is a reliability shorthand that denotes the survival 
function of a system, assuming that the failure rates of all 
components are constant. 

This shorthand can be implemented on the TI-59 handheld 
Serculator. With failure rates, time to failure and short- 
Mard aS input the TI-59 calculates the survival probability 
of the system. 

Knowledge of calculus is not neczssary to use this 


method, whereas the standard procedure, finding the survival 


iD 


PeoPability by convolution, requires knowledge of integral 
eabculus. 


mpemcnOorce Of the TIL-59 as the computing device for the 


t- 


implementation of the shorthand, though, implied limita- 
tions; the number of failure rates is limited due to the 
limited storage capacity of =he TI-59, and computing «imes 
are comparatively long. Th2 TI-59 can therefore only be used 
fOr smaller systems, preferably for the solution of class- 
room problems. 


mee =he solution of larger problems, the shorthand 


should be implemented on 2 state-of-the-art personal 
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Somoutes USIngG a general ailgerithm for the convolution cf 


any number of exponential random variables. 


a ee _ —_ OO 







@*.; 


7 
%s col+nlewads ede 2a 


ae ia trv 


CONVOL 


IG 
3 
4 
O 
z 

ind 

tO 

(50 
i 

IG 

ic 

ee 
in 


Appendix A contains formulas for the convolution of up 
to four exponential random variables. 

For the two special cases, when 211 random variables 
have the same failure rate and all have different failure 
rates, general formulas for the convolution of any number of 
exponential random variables are given. 

These formulas are used in the two TI-59 programs pro- 


vided in Appendix B. 
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System: 


Shorthand: exp (4) 


-At 


Survival Function: P(t) = 3 


Pescription: 


Aesargle active component with constant failure rate A 
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S.0—i‘<‘ (crm = 7 —— 





TE 9 ‘ 


Shorthand: PIG EXE ) * «.- + EXP( LZ 3 
(At)? At)" ise Lt 
Survival Function: F(t) =| ——— + ——— +e++-+ —— 
0! Aut (n-4)! 
= L-4 
(At) -At 
(i-4): 
Lua 


Bescription: 
Aesangle active component with constant failure rate is 


Supported by n-1 identical spares. 


Sy7) 





System: 


Shorthand: EXP(A,) + EXP(A,) +... + EXP(A,) 





h 
| | - (V7 A; -Ait 
Survival Function: F(t) = | | é 
A; ae 


boa qti 


Description: 
A single active compon2n= with constant failure rate is 
Supported by n-1? spares. The active component and the spares 


have all constant, but dissimilar faliure rates. 
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System: 


Shorthard: EC EEXP (A, } + EXP (A, ) 
° P —_ ~A,t Ss 
Suevival Function: F(t) = Ae + {B + Ch) eé 
whe ce = ae 2) 
- (A2-A.,)* 
Bo= | =k 
ae Ne A2 


Aha -~A2 


Description: 


pecengle active Component with constant failure rate 4, 


1s supported by two spares with identical constant failure 


zat eC ie 


Sie, 





System: 








Shorthand: Eeeam. + GXPG As) + EXP(A5) + EXPCA;) 
: : = -A,t z -Az,t 
eievivVal Function: F(t) = Aé PVC te cc +f De pe 
4 3 
where A = ee 
(A,-A,) 
B= 1- A 
Ss 
C = Abe i Aa 
(An ea 
2 
D = oe he 
tn 1, ) 


Wesctiptior: 
A Single active component with constan= failure rate He, 
Meesupported by three spares with identical constant failure 
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Shorthand: Eee mE CA.) + EXP( A>) + EXP(A. ) 
I Pe -A2t 
elmvave! Function: F(t) = (A + Btje Go + ae 
Ee Sia 
whers Qo —————— 
( noha) 
OF Agee 
B= ———; 
CH= An) 
CcC=t1T-A 
D eG Az 
Wine Ae - 


Meseription: 


A single active component with constant failure rate An 
iS supported by cne identical spare and twe spares with dis- 


Beeriart, constant failure rate Ke : 
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Systems: 


| \ 


Shorthand: Peer EXP) * EXP (Az) + EXP]. ) 
BueVival Function: F(t) = Nees + aed + (C + eo) esos 
fees 
- where = 
(de-dal ldg-Aa)? 
Mme at 
(An -d2)(A3-45)* 
-__ 4a 42, Aadrds (2 a 
el ~Ay) ( he -A;3) (Aa-A2) (4,-43)° (As i ee 
5 42 Ay 


’ (Age d3) (A2-A3) 


Description: 
Beso =ngle active component with constant failure rate ie 
has three spares. One spar2 has constanz failure rate Ar, 


two spares are identical with constant failure rate A 
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USE 


ee) 
IQ 
Ic 
[4 
ts, 
Te) 
io 
iW 
IH 


Apperdix B contains a user guide to two TI-59 programs, 
which use reliability shorthand and failure rates as input 
memcompute the survival probability of a systen. 

PROGRAM 1 is designed for the two special cases where 
the reliability shorthand is of the form 

EXP( 4) + ExP( A) + ... + BXP(, ) 
Or 

EXP (A,) + EXP(42) + «-. + EXP(A,). 
meee first case the numbar of terms is not linited, wher- 
eas in the second case th number of terms is limited to 40 
Meaem—eeo limited storage capacity of the TI-59. In this case 
me Pumber of terms can b2 increased to 70 by entering 9 in 
the display and pressing 2nd Op 17. 

PROGRAM 2 is designed to solve problems of the kind, 
Mdeseewere introduced in Chapter I[II.B. . Due to limited 
memory oz the TI-59 the number of exnponential terms under 


Omens. Ght in shorthand notation is limited to four. 
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(Wi-cougesuwhd!) be pri need, if the TI-59 2s connected 


memeeere FC>IOOA cr TE PC-100C printer. 
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PROGRAM 1 3: Procedure 


1. 


Use any library module. Read in program 1 ({sidé 1 
the magnetic card) 


Pmeess 2nd C*™ £0 initialize. 


Enter n, the number of exponential terms to be convolved, 


in the display and press A. 


Enter time t and press B. 


‘D 
ry 
AY 
fee 
@ 
in 
rey) 
4 
(i 


Enter ee and press C . When all failur 
Same, enter A On yarones. 


a) To find the survival probability of the systen, 


ct 


when all failure rates are the same, press 2nd 


Db) To find the survival prebability of the systen, 


When all failure rates are dissimilar, press 2n 
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PROGRAM 1 : Sample Problems 

1. Find the survival probability of 23 parallel =zysten 
( compare Chapter III.A.2 ) 
a) A =e, cee 7 « TN = 2 
b) Shorthand notation: 


EXP(.6) + EXP(. 3) 


Cc) Enter Comment Pr2ss Display 
nica Liss of 0 
2 n A 0 
a = B 7 
. 6 24 c 3 
3 L ; ee 
F (+) B! .2299172797 


Calculation «akes 13 seconds 
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2 


EEedeche Survival probability of = standby-system with 
dissimilar components ( compare Chapter III.A.3) . 

ay 4, = a ae A, = To -ec= Oo _~/ ff = 2 

meororthand notation: 


EXP(.4) + EXP(.5) 


c) Enter Comment Press Display 
Initialize =. 9 
2 n A 0 
6 + 8 6 
4 ho C 4 
5 es é 5 
F (<) B! 254441493 


GaleWlata~on takes 13 seconds 


4] 





3. 


Find the survival probability of 2 standby-system with 
one active component and four Similar spares. 

ay) H=.3 , t=7 , n=zS 

Be ohorthand notation: 


BXD(.3) + EXP(.3) + EXP(.3) + EXP(.3) + EXP (.3) 


c) Baer Conment Pr2>ss PLSD ay 
Tine adele Za Gu 0 
5 n A 0 
7 ze B 7 
3 A C 3 
Ee) At . 9378738848 


Calculation takes 9 seconds 
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PROGRAM 2 : Procedure 


mee =f >; TO find the convolution of up to four exponential 


1. 


random variables. 
Use any library module. 
Re~-Partition ( enter 2 in the display, press 2nd Op 17). 
Read in all four sid2s of the magnetic card. 
Peess 2nd C’ to initialize. 
Enter n, che number of exponential terms to be convolved, 
in the display and press A. 
Enter time + and press B. 
Enter A; and press C (n entries) . 
REMARK: Failure rates, which appear only onc? in «he 
expression, hav? to be entered befors failure 
rates, that app2aar séveral times. 


Meomernd che Survival probability of the system press E. 
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PROGRAM 2, CASE I : Sampls Problens 
Oye shorthand notation 
EXP(A4,) + EXP(Az,) + EXP( dz) 
Sample values: he es ae A» en re | 


Procedure : 


Enter Comment Press Display 
Initialize af 0 
3 n A 0 
yi ie B 7 
= he C 3 
-4 A = 4 
4 A> 2 24 
F(t) E 5363473866 


Calculation takes 14 seconds 
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fe snotthand notation 
Pepe) teeP( a, jt BXE(A,) + EXP( A, } 
Sample values :; ha =e 2% A» a a 


Procedure : 


Enter Comment Press Display 

Initialize of 0 
4 n A 0 
3 c B 3 
a2 he c 2 
4 A 2 S 4 
24 Ae @ 4 
4 tbe 3 4 

F (+) E . 9809746099 


Gavewla=139n cakes 20 seconds 


3), 





fey) Sho=thand notation 
EXP(A,) + EXP(4,) + EXP(A,) + EXP(A,) 
Sample values Se ee Abe, =a Viet eee! 


Procedure : 


Enter Comment Press Display 

DM elph ccawey Wuak rae. oe 0 
4 n A 0 
5 12 5 5 
4 A. € ii 
aff Na ‘ 4 
3 Az a3 
<8 A» S aa 

F(t) E 9029040721 


Cas culation takes 20 seconds 


De 





fy onorthand notation 


EXP(A,) + EXP( Az) + EXP( 43) + EXP(A,) 


Sample values: 4, ieeeat sd | Awe. > ; 


t = 10 
Procedure ; 
Enter Comment Press Display 

inaeena laze ei! 9 

4 n A 0 

10 B 10 
1 he v 
= Ay a‘ 23 
=o A3 S: Me 
55 A 3 55 

F (+) E . 7312684703 


Gaveulatzaon takes 25 seconds 
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PROGRAM 2 : Procedure 


iss if 3: to solve problems of the kind, that ware 


PMimaeocicedq sine Gaaprer TIT.8. 
Derive the system's shorthand notation. Find either the 
- graphical representation or 
~ the MIX-notation . 
Use any library module. 
Re~Partition ( enter 2 in the display, press 2nd Op 17 ). 
Read in all four sides of the magnetic card. 
emeess 2nd C' to initialize. 
Eater time * and press Be 
Repeat the following steps for each path of the grephical 
mepresentation, i.@. f9r each convolution in the 
ek -TCca~ ion. 
a) Enter n, the number of exponential terms +o bea 
convolved, in the display and press A. 
Bb) Enter 1UR and press C. 

PAM nse at Lure rates, which apoear only once in the 
expression, have to be antered before failure 
rates, that appear several times. 

c) Enter p;, the weight in the ith path, and press D. 
@) Te find the part of the system's survival probability, 


Ghee 1S contributed by «he ith path, press E. 
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PROGRAM 2, CASE II : Sampl2 Problems 
1. Find the survival probability of a parallel systen 
Ween diSsimiidar failure rates (conpare Chapter III.B.1). 


meet, = «1 , 42 = 32 5, § = 2 


Byeconorthand notation 
EXP (. 1) 


(32753) 


px e (eo) et 


(- 1/7. 3) 


EXP (.2) 


F(t) = MIX{ (.2/.3)( EXP(-.1) + EXP(.3), 


(on omeme Ge) ot) EXP (.3) }. 
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7. 
note Ss 
ent 





S aT @ 7 
ss = at? 
a 
@!. v2Etid. 


| 
7) = Ps 
P"NEQECS! 25 
4 





Cc) 


Procedur®? 
EMeer Comment 
riatia lize 

2 = 

Z ie, 
oa Abe 
23 dyn ee fog 

CaF 33) P, 

2 N> 
ace Ae 
23 eA 

(51753) P, 


=| 


©) 


() 


() 


3 


Ef 


of 


5x 


-666 6666667 


—635795 ou 


9 


2 


= 


7533233555586 


~ 304445622 


so +0 239165 





2. Find the survival probability of 3 series system with 
eve spane aS antroduced in Chapter III.B.2. 
a) rip = | 8 Ae = Pas g ie = 7 


b) Shorthand notation 


(-3/.8) 


EXP(.8) + 






(aS ) 


EXP (.8) 


ERG Sek 9. 3728) ( EXP (28), 


(Sy cme eG). + EXP (.8) 


58 


— .. wee Le 7 
Ss : 






ae 


¢iie eelcve ‘Bas i ¢ Be: 


4.70 4994496048 





|. 2 os 


Cc) 


Procedure : 


Enter Comment Pr2ss Display 
Initialize oo 0 
7 = B 7 
1 Ns A 0 
.8 Aa + Az S .3 
(207-6) Py D et i dato: 
E 200 Tcc6 Joo 
Z > A 0 
5 ine +: Ae C 3 
Aire A, + Ar & Bie. 
(57 «2 Ds D 2625 


{a 


30 N22) Se Oi 


F(t) Bt .0166403 867 


5/5) 





Se 


ienceecne SUEViIVel probability of a Two-out-of-Thres 
Soe cteas inthoduced in Chapter [II.B.3 . 
Mn = .2 op Arn = .4 ,», Age is , =~ 29 

b) Shorthand notatior 


EXP (.9) 







(- 2/1. 1) 


(-4/1.1) 


EXP (1.1) $ semen: EXP (27) 


(.5/1.1) 


Meme eM) (27169) ( EXP (.9) + EXP (1.1)), 
(uae NP aye EXP (1.1)), 


(este Grex >(eoyee 2XP(1.1)) 7. 
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C) 


Procedure : 


Enter 


(ee Ne 1) 


Comment 
LGeleRwct. ik s 
ie 
Qa 
An + Az + Az 
toa ee ibe 


Ne 
An + Ay + A3 
lye ae 


3 
Ant A2 +d 
He + re 


P (+) 
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Q) 


() 


) 


() 


Ci 


2161S be. Sabo 
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